Abstract The release of fatty acids from white adipose tissue is regulated at several levels. We have examined the suggestion that fatty acid release might be diminished by upregulation of mitochondrial fatty acid oxidation in the adipocyte, through increasing mitochondrial uncoupling. The intrinsic oxidative capacity of white adipose tissue is low, and older studies suggest that there is little fatty acid oxidation in white adipocytes, human or rodent. We have examined data on fatty acid metabolism and O 2 consumption in human white adipose tissue in vivo, and conclude that increasing fatty acid oxidation within the oxidative capacity of the tissue would produce only small changes (a few percent) in fatty acid release. The major locus of control of fatty acid release beyond the stimulation of lipolysis is the pathway of fatty acid esterification, already probably targeted by the thiazolidinedione insulin-sensitising agents.
Introduction
In their article in Diabetologia, Maassen et al. [1] suggest the interesting hypothesis that mitochondrial uncoupling in adipose tissue might allow fatty acid oxidation to proceed, thus limiting fatty acid release from adipocytes.
Implicit in their hypothesis is the idea that the release of fatty acids from adipocytes is normally regulated by the balance between fat mobilisation and mitochondrial fatty acid oxidation. We feel that the evidence does not support this idea, and without this it is difficult to believe that upregulation of adipocyte fatty acid oxidation would reduce plasma NEFA concentrations, unless the intrinsic capacity of the cells for fatty acid oxidation could be substantially altered.
The pathway of lipolysis and the alternative fates of the fatty acids released in this process are shown schematically in Fig. 1 . It is evident that there are several potential control points. Lipolysis itself is highly regulated as is well understood, and is most active in the fasted state and during exercise [2] . But the release of fatty acids from the adipocyte is also regulated beyond the lipolytic step. It is usually considered that re-esterification is the major pathway retaining 'excess' fatty acids within the adipocyte. Maassen et al. [1] are suggesting that fatty acid oxidation within the adipocyte might also restrain fatty acid release.
Oxidative capacity of human white adipose tissue There is considerable evidence that fatty acid oxidation is not a major pathway in white adipocytes, rodent or human. A number of measurements of the respiratory quotient-the ratio of the rate of carbon dioxide evolution to rate of O 2 uptake-of adipose tissue or adipocytes in vitro show this to be close to 1.0, implying exclusive oxidation of glucose, provided that glucose is supplied in the medium (reviewed in [3] ). Direct measurements of the rate of fatty acid oxidation in rat adipose tissue show that this is a minor pathway (about 1% of the activity) compared with fatty acid esterification, the normally-accepted mechanism for preventing release of excess fatty acids delivered from lipolysis [4, 5] . More recent measurements in isolated rat adipocytes confirm the low activity of the oxidation pathway, showing that fatty acid oxidation accounts for approximately 0.2% of the total fatty acids released in lipolysis; the remainder are distributed almost equally between release and re-esterification [6] .
Maassen et al. [1] describe white adipocytes as containing 'large amounts of mitochondria in their tiny cytosolic compartment'. This may be so, but it is important to recognise that white adipose tissue is not a major O 2 -consuming tissue and that fatty acid oxidation is an O 2 -demanding process. O 2 consumption per kg wet weight in white adipose tissue is about one-tenth that of resting skeletal muscle (reviewed in [7] ), and this is not much altered in obesity or insulin resistance.
These data immediately give a clue as to relative rates of fatty acid oxidation in the two tissues. In the postabsorptive state, adipose tissue supplies fatty acids that form most (around 95%) of the oxidative fuel for skeletal muscle [8] . If we consider someone with similar amounts of adipose tissue and skeletal muscle (say, 30 kg of each), then skeletal muscle O 2 consumption will be ten times that of adipose tissue (as above). Given that almost all muscle O 2 consumption reflects fatty acid oxidation, it is clear that even if all the O 2 consumption of white adipose tissue were arising from fatty acid oxidation, this would control less than one-tenth of the flow of fatty acids in the tissue. Healthy people usually have less adipose tissue than muscle, and so adipocyte fatty acid fluxes are quantitatively many times greater than even the highest possible rates of fatty acid oxidation in the tissue.
In the overnight fasted (postabsorptive) state, the ratio of fatty acid release:glycerol release from human adipose tissue is generally close to 3:1. For instance, Samra et al. tissue] -1 (data taken from [9] ). This implies that neither fatty acid re-esterification nor fatty acid oxidation normally regulate fatty acid delivery to a detectable extent in human adipose tissue after an overnight fast. We have calculated by how much fatty acid release might be reduced if the tissue were switched to fatty acid oxidation. The O 2 consumption of human subcutaneous adipose tissue measured in vivo in healthy subjects in the postabsorptive state was 0.87 μmol min −1 [100 g tissue] −1 [10] . Oxidation to both lean and obese people [10] . In contrast, in the postprandial period, fatty acid retention in adipose tissue becomes a much more important locus of control. We have used data on O 2 consumption and fatty acid metabolism in human white adipose tissue in vivo [10] to assess what might happen in the postprandial state. The data shown in Fig. 2 refer to the 6 h following a meal. Glycerol release was (median) 120 μmol/100 g tissue over 6 h, implying that lipolysis generated 360 μmol of fatty acids per 100 g tissue. O 2 consumption over the same period was 330 μmol/100 g tissue. As discussed earlier, this O 2 consumption probably reflects mainly glucose oxidation. If, by manipulation of uncoupling, for instance, it could be made to represent entirely fatty acid consumption, then it would account for 3.5% of the rate of fatty acid release from lipolysis. It therefore seems that mitochondrial fatty acid oxidation in white adipose tissue under normal circumstances could control only a few per cent of the rate of fatty acid release from adipocytes. It is possible that this could be increased two-to threefold through mitochondrial uncoupling, although even then a metabolic switch would be needed to make fatty acids the predominant substrate. The data suggest, however, that the ability to oxidise fatty acids is intrinsically limited by the mitochondrial capacity of white adipocytes.
In fact, these data emphasise that under normal circumstances, the major route of retention of fatty acids in the adipocyte must be re-esterification. We know that reesterification is a highly regulated process, controlled by insulin and possibly other factors [11] , and this pathway might present itself as a more attractive target for pharmacological intervention. Indeed, there is evidence that this is the very pathway targeted by the thiazolidinedione insulin-sensitising agents [12] .
Increasing the oxidative capacity of white adipose tissue: alternative strategies
The only way in which this situation might be substantially altered is if the intrinsic oxidative capacity of adipose tissue could be increased. Clearly, in brown adipose tissue, the rate of fatty acid oxidation is of a different order of magnitude to the rate of lipolysis. In brown adipocytes, most of the fatty acids released in lipolysis are indeed consumed by uncoupled mitochondrial fatty acid oxidation. This raises the question of whether it is possible to transform the phenotype of the white adipocyte to be more like a brown fat cell. As a proof of concept, we have expressed the gene encoding the transcriptional coactivator PGC-1α in human white adipocytes [13, 14] . PGC-1α switches on genes involved in fatty acid oxidation and the mitochondrial respiratory chain. Moreover, ectopic expression of the coactivator gene induces the expression of the uncoupling protein 1 gene, which encodes a mitochondrial inner membrane protein that uncouples O 2 consumption from ATP synthesis. The coordinated upregulation of gene expression results in an increased capacity to oxidise fatty acids. Moreover, an induction of glycerol kinase which is expressed at low levels in white fat is also observed. The enzyme catalyses the phosphorylation of glycerol to form glycerol-3-phosphate, which constitutes the backbone of triacylglycerol. Glycerol kinase is therefore involved in fatty acid esterification. If the cells are stimulated by catecholamines, an increased glycerol kinase activity generates a futile cycle through the direct reincorporation into triacylglycerols of glycerol and fatty acids resulting from triacylglycerol hydrolysis. Therefore, turning on the expression of the PGC-1α gene and increasing its protein production may favour the use of fatty acids within the fat cell instead of a release into the bloodstream. Fig. 2 Measurements of the metabolism of human subcutaneous adipose tissue in vivo in healthy volunteers. The data are taken from Coppack et al. [10] . They represent integrated fluxes, starting in the postabsorptive state and then followed for 6 h after a mixed meal. All are expressed as median values, in μmol/100 g tissue. Measured data are shown with upper end of interquartile range. Glycerol release and fatty acid (FA) release from the tissue were measured. Potential FA release is glycerol release ×3, assuming that glycerol release reflects triacylglycerol hydrolysis. FA retention is the amount of fatty acid retained (potential minus actual FA release). Potential FA oxidation is the amount of fatty acid that could have been oxidised if all the (measured) O 2 consumption of the tissue reflected FA oxidation, which, as described in the text, is highly unlikely
Conclusions
We conclude that prevention or treatment of insulin resistance through modification of adipocyte fatty acid handling will require more than a simple alteration of the activity of mitochondrial β-oxidation. It might be possible to increase the total capacity for fatty acid oxidation by promoting the conversion of white adipocytes towards a brown adipocyte phenotype [15] . Otherwise, it is clear that a more attractive target pathway for restraining fatty acid release would be that of fatty acid esterification [16] .
